Measurements of complex AC susceptibility χ = χ' + χ" as a function of temperature have been carried out on Sn-doped Bi 1.6 Pb 0.4 Sr 2 (Ca 1-x Sn x ) 2 Cu 3 O δ superconductor samples prepared via the conventional solid state reaction method. All the samples exhibit perfect diamagnetism below 109 K. The χ'(T) curves display two-step features, indicating the presence of mixed phases and therefore weakening of the grains' coupling. The amount of shielded volume in Sn-free samples is greater than that in Sn-doped samples. The intrinsic peak due to the small AC losses within the grain was not observed in the χ"(T) curves for all samples. However, the coupling peak, T P , for Snfree samples at an applied field of 1.0 Oe was observed at 89 K and shifted to a lower temperature ranging from 59 K to 64.2 K in Sn-doped samples. The amounts of hysteresis losses above the T P in all doped samples were smaller than that of the Sn-free sample. Therefore, the effect of Sn doping suppressed the inter-granular critical current, J cm , and the presence of weak links that coupled the superconducting grains. Introduction
Introduction
The development of microstructure in superconducting materials is highly dependent on the preparation process. It promotes tiny, randomly oriented anisotropic grains which are connected to each other by a system of weak links or matrix [1] . The superconducting grains are weakly coupled by Josephson Junctions [2] . These weakly coupled grains will limit the critical current, J C values of these materials [3, 4] . The reasons for the formation of weak links are disorientation of grain boundaries, vacancy, oxygen deficiency, secondary phases, and composition variations [5] [6] [7] .
Since the discovery of the Bi-2223 superconductor, great progress has been achieved in enhancing transport properties of this high temperature superconductor such as partial substitution of various elements and development of new preparation methods. However, the major limitations of applications of the Bi-2223 system are the weak inter-grain links and weak flux-pinning capability. For example, substitution of Nd in Bi-2223 changes both the effective volume fraction of the grains and the field dependence of the inter-granular critical current density [1] .
In this paper, we report on the structural properties and AC losses of Sn substitution in a Bi (Pb)-2223 superconductor prepared via solid state reaction. Both real and imaginary susceptibilities were measured using an AC susceptometer.
Methodology
The Sn-doped samples were prepared from Bi 2 O 3 , PbO, SrCO 3 , CaO, SnO 2 , and CuO powders (each having at least 99.9% purity) in the correct stoichiometric amounts to produce samples of Bi 1.6 . AC susceptibility measurements between 25 K and 300 K were carried out using a Lake Shore AC susceptometer Model 7000.
Results and Discussion
The XRD patterns for all samples were plotted in the range of 20 o < 2θ < 40 o . In the other ranges (0 o < 2θ < 20 o and 40 o < 2θ < 70 o ), the main peaks remained unchanged except for the H(002) peak, which only appeared in the pure sample. Figure 1 shows the XRD pattern for sintered Sn-doped samples. It can be clearly observed that 2223 high phase peaks dominated the pure sample. In Sn-doped samples, high peaks belonging to H(115) and H(0010) have disappeared, while the H(0012) peak has been shifted. This shifted peak was compared to that of the pure sample. Several unknown peaks exist in Sn-doped samples and are marked by asterisks. These peaks appeared at 31. The unknown peaks probably belong to the impurity phase and it is believed that these peaks correspond to a non-superconducting phase. The H(0016) peak appeared in all samples doped with x = 0.15 and x = 0.20. Meanwhile, the LL(115) peak of the 2201 phase (having T C ~ 20K) emerged. Obviously, no peaks belonging to SnO 2 were detected, implying that this oxide was incorporated into the crystalline structure [8] .
The length of the lattice parameters and the volume of unit cell were calculated and are summarised in Table 1 . The results show that the lengths of the a-axis, b-axis, and c-axis gradually decrease as the Sn concentration increases. Therefore, the volume of the unit cell also decreases. The lengths of the a-axis and b-axis were almost similar, implying that the crystalline structure remains in tetragonal form in all samples. The volume of 2223 high-T C phase relative to the other phases decreased as Sn concentration increased. The existence of unknown peaks also caused the reduction of the 2223 high-T C phase and hence had a detrimental effect on T C .
It has been noted that Sn may exist in two oxidation states, Sn 2+ and Sn 4+ , with ionic radii of 0.093 nm and 0.071 nm, respectively [9] . At higher concentrations of Sn, Sn 4+ also exists instead of Sn 2+ [10] . The ionic radii of the BSCCO elements which are almost similar to Sn 2+ and Sn 4+ are Ca 2+ (0.099 nm) and Cu 2+ (0.072 nm), respectively. Considering the ionic radii, it is believed that Sn 2+ and Sn 4+ probably fully replace the Ca 2+ and Cu 2+ sites, respectively, if there is no shift in the peaks or change in the c-axis length. However, a small shift of the H(0012) peak occurred in the XRD pattern and a slight decrease in the c-axis length was calculated, suggesting that the twooxidation states of Sn may also replace other sites. The temperature variation of the real part of complex susceptibility, χ', with the 1.0 Oe field at a constant frequency of 125 Hz for sintered samples with different concentrations of Sn in the range 0 ≤ x ≤ 0.20 is shown in Figure 2 (a). The diamagnetic onset temperature was observed at about 110 K for all samples. All the samples exhibited perfect diamagnetism at low temperature and showed two-step features indicating the presence of mixed phases. When the temperature increased, the volume of the applied magnetic field that penetrates the bulk samples also increased, indicating that the screening current or surface current was insufficient to generate a magnetic flux in order to prevent the applied magnetic field from penetrating the samples. The applied magnetic field, H ac , began to penetrate all samples at about 50 K, which indicates the beginning of the de-coupling effect between the grains. The penetration of the H ac of the Sn-free samples increases gradually but in the Sn-doped samples the field penetrates rapidly as the temperature increases. These characteristics imply that the strength of coupling between the grains in Sn-free samples is better than that in Sn-doped samples. The amount of shielded volume in Sn-free samples is greater than that in the Sn-doped samples, and this could be contributed by the dominance of 2223 high T Cphase and 2212 low T C -phase in Sn-free and Sn-doped samples respectively. The second T C onset was attained at 95 K in Sn-free samples but shifted to a lower temperature ranging from 65 K to 70 K in Sn-doped samples and thus provided further evidence for the dominance of the 2212 phase which existed in the samples. As observed in the Sn-doped samples, the amount of shielded volume above the second T C onset that corresponds to the 2223 phase was found to decrease as the Sn concentration increased. Very little shielding occurred for concentrations higher than x = 0.05 and it disappeared completely at approximately 110 K, implying that the grains had very poor coupling in those samples. This could also be due to the presence of non-superconducting phase as confirmed earlier by the XRD analysis. Figure 2(b) shows the dependence of an imaginary part, χ", on temperature for the sintered samples applied with a fixed magnetic field of 1.0 Oe. The applied magnetic field, H ac , was not high enough and therefore the intrinsic peak was not observed for all samples, implying that very small AC losses occurred within the grain. However, the coupling peak, T P , was observed at 89 K for Snfree samples and shifted to a lower temperature ranging from 59 K to 64.2 K in Sn-doped samples. The amount of hysteresis losses above the T P in all doped samples was smaller than that in the Snfree sample. Therefore, the effect of Sn doping suppressed the inter-granular critical current, J cm , and the presence of weak links that coupled the superconducting grains [11, 12] .
A variety of weak links are possible in Bismuth-based superconductors, which are contributed by semiconducting layers at the surface of grains due to extended exposure to air or water [13] . It could also be due to Pb-rich surface layers in Pb-doped compounds [14] . Variation in the size of the grains and in the contact area between grains also introduces variations of weak links [15] . It is believed that in Sn-doped samples, the variation of weak links is mainly contributed by the 2212 phase, 2201 phase, and impurity phases that correspond to non-superconducting phases. Table 2 shows the summarised data of the coupling peak, T P , which depends on the amplitude of the applied magnetic fields, the temperature of first onset of diamagnetism, T C onset , the phase lock-in temperature, T Cj and the calculated I o based on the equation using the AmbegaokarBaratoff theory (Ambegaokar and Baratoff, 1963). The relation is A strong dependence of the coupling peak, T P , on the amplitude of applied magnetic fields was observed and it was found to shift toward lower temperatures as the amplitude of the applied magnetic fields increased. The amount of the shift as a function of the field amplitude is proportional to the magnitude or strength of the pinning force. The larger the shift in the coupling peak temperature, T P , the weaker the pinning force and hence the smaller the inter-granular critical current density, J cm , and intra-granular critical current density, J cg [11] . The phase lock-in temperature, T Cj , which is accompanied by the Josephson current, I o , showed the highest value in Sn-free samples but decreased by a factor of about ten in Sn-doped samples, indicating that the grains are weakly coupled.
Conclusion
The effect of Sn doping on the structural and AC losses has been investigated. The volume fraction of Bi-2223 phase decreases but other phases increase with Sn content. All the samples exhibit perfect diamagnetism below 109 K. The χ'(T) curves displayed two-step features, indicating the presence of mixed phases and consequent weakening of the grains' coupling. The amount of shielded volume in Sn-free samples was greater than that in Sn-doped samples. The coupling peak, T P , of Sn-free samples at an applied field of 1.0 Oe was observed at 89 K and shifted to a lower temperature ranging from 59 K to 64.2 K in Sn-doped samples. The amount of hysteresis losses above the T P in all doped samples was smaller than that in the Sn-free sample. Therefore, the effect of Sn doping suppressed the inter-granular critical current, J cm , and the presence of weak links that coupled the superconducting grains.
